The purpose of this research was to develop new methods of increasing dissolution rate and solubility of betulin extracted from birch bark. The ultrafine formulation of betulin with polyethylene glycol and β-glycine was obtained by freeze-drying. The rate of release of betulin from the formulation into water was significantly higher in comparison with the initial betulin sample and its composite with polyethylene glycol obtained by ball-milling.
Betulin [lup-20(29)-ene-3β,28-diol, C 30 H 50 O 2 ], a lupane-type pentacyclic triterpene, was one of the first natural products identified and isolated from birch bark [1] . The growing interest in betulin and its derivatives results from their wide spectrum of biological activities including anticancer, antiviral, antibacterial and hepatoprotective [2] . Due to its low aqueous solubility and high permeability, betulin has low and variable oral bioavailability. To increase both the dissolution rate and solubility of betulin, a variety of methods has been suggested. Suggestions have included the preparation of betulin solutions with solubilizing agents such as polyethylene glycol (PEG) and TWEEN 80 [3a] , preparation of micronized betulin suspensions [3b,3c], forming guest-host type complexes of betulin with cyclodextrins [3d,3e], and transformation of betulin to either esters of amino acids [3f] or other water-soluble betulin derivatives [3g]. These methods allow the enhancement of betulin's aqueous solubility without loss of biological activity.
Polymer solutions in some organic solvents tend to yield amorphous phases on cooling. The temperature decrease results in formation of glass-like phases of the solvent and the solute (the latter potentially containing some solvent). Heating above the glass transition temperature (T g ) gives a highly viscous amorphous phase. Further heating leads to collapse of the porous structure formed on quench freezing of the starting solution. Besides, further freeze-drying becomes nearly impossible due to the slow evaporation of solvent from the highly viscous media [4] . This issue can be circumvented by crystallizing pore-filling solvent [5a,5b] , requiring prolonged exposures to low temperatures. Crystallization can be achieved by introduction of a large number of individual micro-or nanoparticles to act as crystallization centers. Glycine is a commonly used bulking agent in freeze-dried formulations. Ultrafine β-glycine prepared by spray-freeze drying was chosen as the crystallization initiator. Glycine has previously been demonstrated as a successful carrier to obtain Salbutamol and Budesonide DPI formulations [6] . The duration of the annealing stage was determined empirically using scanning electron microscopy (SEM) data.
In our previous papers [7, 8] , we reported on the preparation of mechanocomposites of betulin with water-soluble synthetic polymers, polyvinylpyrrolidone and polyethylene glycol. In each case these mechanocomposites exhibited higher betulin solubility, along with ameliorated gastroprotective properties. In this work cryogenic technologies were used to develop a method for the preparation of ultrafine betulin formulations with the aim of enhancing the dissolution rates of betulin and related drugs that exhibit poor solubility in water. It was noted that this formulation would contain biocompatible polymers, or other carriers, and should be stable in the solid state, having a good shelf-life.
The betulin formulation with PEG and β-glycine was initially obtained by freeze-drying. The prepared formulation was a light, fluffy powder, demonstrating very low bulk density (Figure 1 ). According to SEM data (Figure 2 ), the prepared formulation consists of two types of particles: perforated flakes with linear dimensions of 10-100 m and thickness of approximately 100 nm, and small (1-5 m) flat particles. The first particle type was identified as PEG with included betulin, with the second particle type being β-glycine formed by ultrasonic treatment of the initial suspension.
Dissolution of betulin from formulations prepared by freeze-drying was studied in comparison with mechanocomposites of betulin with PEG prepared by ball-milling. In the latter case, the concentration of betulin in solution was ~6 times higher than that of the initial drug due to distribution of betulin in the polymer and the solubilizing effect of PEG [8] . For formulations prepared by freeze-drying, an abrupt release of the substance into solution was observed in the initial stages of dissolution ( Figure 3 ). The initial concentration of betulin in solution was 4 times higher than that achieved on dissolving mechanocomposites during the same time. The concentration subsequently drops to the equilibrium solubility of the mechanocomposite of betulin with PEG. Similar dissolution dynamics have often been observed for amorphous samples [9] and can be useful for the therapeutic activity of the drug. This is because the risk of side effects such as ulceration of the gastrointestinal tract walls can be reduced.
It is well-known that PEG is amongst the most promising agents with which to prepare solid dispersions of drugs to increase their solubility [10] . It has been shown through in vitro tests [11] that the increased solubility of betulin-PEG mechanocomposites enhances inhibition of tumor cell division, showing a pronounced antitumor effect. In addition, preliminary in vivo studies showed that the betulin-PEG mechanocomposite demonstrated an excellent effect on acute renal failure in rats compared with raw betulin. In the case of formulations obtained by freeze drying, the higher dissolution rate of betulin suggests an increased bioavailability and pharmacological activity in comparison with betulin alone. The presence of β-glycine in the formulation may also affect the pharmacological activity of the preparation.
In conclusion, the ultrafine betulin formulation with polyethylene glycol and β-glycine was obtained by freeze-drying. The dissolution rate of betulin from the formulation into water was significantly higher in comparison with the initial betulin sample and its composite with polyethylene glycol obtained by ball-milling. Dissolution dynamics of the samples in distilled water were studied using the dissolution tester Varian 705 DS. The rate of paddle rotation was 250 rpm, with solvent volume of 200 mL and temperature of 37.5° С. The sample containing the excess of betulin as compared with the amount which could be dissolved was put into thermostated glass. The 20 mL probes were taken from solution at 15, 40, 90, 180 min without adding solvent to the solution. The probe solutions were filtered using filters with pore diameter of 0.2 μm and centrifuged. Then the solutions were extracted 3 times with n-hexane (each time 20 mL) and the collected extracts combined together. After mixing the extracts, 1 g Na 2 SO 4 was added for drying and the extracts were evaporated. The dry residue was dissolved in 1 mL of ethanol. The concentration of betulin in this solution was measured be HPLC. The experiments were performed in triplicate.
High-performance liquid chromatography (HPLC):
The HPLC analysis of betulin was performed on a Milikhrom A-02 (ZAO EcoNova, Russia) with a ProntoSIL 120-5C18 AQ analytical column (2.0 mm × 75 mm i.d., 5 μm particle size) (Merck, Darmstadt, Germany). The mobile phase was composed of acetonitrile (A) and phosphate buffer (B). Phosphate buffer was prepared from chromatography buffer pH 6.86 (Merck, Germany). The gradient was as follows: 0-3 min, 80-100 % (solvent A), flow rate of 0.2 mL/min; 4-12.5 min, 100-100 % (solvent A), flow rate of 0.2 mL/min. The temperature of the column was maintained at 35°C, and the effluent was monitored at 200, 210 and 220 nm.
Plant material:
Betulin was obtained from birch bark in the Institute of Chemistry and Chemical Technology SB RAS (Krasnoyarsk, Russia) according to developed technology [12] . The purification of betulin was carried out by crystallization from ethanol followed by decomposition of the obtained betulin-ethanol solvate [13] at 180ºC for 30 min. The content of lupeol in the sample, according to HPLC data, did not exceed 1.5 -2.5 wt %.
Ultrafine betulin formulation with polyethylene glycol and β-glycine Natural Product Communications Vol. 10 (8) 2015 1347 Chemicals: Glycine (JSC "Reakhim") was recrystallized for preparation of the pure α-form [14] . Ultrafine β-glycine was prepared by spray-freeze drying according to the following procedure: α-glycine (60 g) was dissolved by stirring at approximately +30 ºС in water (400 mL). The solution was sprayed (hydraulic pressure 4 bar; flow rate 10 mL/min; the distance from the nozzle to the surface of the liquid nitrogen ~70 cm) into a vessel with liquid nitrogen. The mixture of the solid phases formed on cooling was placed onto a drying tray preliminarily cooled to liquid nitrogen temperatures. The tray was placed onto a preliminarily cooled shelf (-5ºС) and freeze-dried until the pressure dropped to P < 17 mtorr; then the shelf temperature was increased to +30ºС, and kept for 2 h at this temperature. The pressure in the freeze dryer was then increased to 1 bar by filling with dry nitrogen. According to X-ray powder diffraction data, the sample was a pure phase of β-glycine. The obtained sample was a white, light, fluffy powder demonstrating very low bulk density (~0.06 g/cm 3 , estimated by weighing the powders in the graduated cylinder). According to SEM data, the prepared β-glycine powders are porous spherical agglomerates with sizes of 100-300 m consisting of perforated flat sheets with linear dimensions 1-10 m.
Polyethylene glycol (PEG) (M r =4000) (Merck -Schuchardt) was used without previous drying and purification. Twice distilled tert-butanol was used as solvent.
Preparation of betulin formulation using cryogenic technologies:
Ten mg of betulin and 400 mg of PEG were dissolved by stirring at 70ºС in 20 mL of tert-butanol in transparent borosilicate glass vials (Sci/Spec, B75525) and 600 mg of β-glycine was added. Vials were tightly closed with TFE caps and exposed to ultrasonification for 10 min in an ultrasonic bath. The obtained suspension was splashed as a thin layer onto a vessel cooled to liquid nitrogen temperatures. The sample was ground in a mortar and placed onto a drying tray cooled to liquid nitrogen temperatures. The tray was placed onto a preliminarily cooled shelf (-20ºС) and kept there for 2 h under vacuum at ~400 torr. Freeze-drying was carried out until the pressure dropped to P < 17 mtorr (about 5 h). Subsequently, the shelf temperature was increased to +30ºС, and kept for 2 h at this temperature. The pressure in the freeze dryer was increased to 1 bar by filling with dry nitrogen. Upon removal from the freeze dryer, samples were stored in a vacuum desiccator over phosphorous pentoxide.
Preparation of formulation of betulin with PEG using ball milling techniques:
The mixture of 0.2 g betulin with 1.8 g PEG was ball-milled in a SPEX 8000 mixer mill (CertiPrep Corp., USA) for 30 min. A steel vial (60 mL) and steel balls with diameter 6 mm were used. The ratio of the mass of the mixture to the mass of the balls was 1:30, acceleration of a ball -8-10 g.
